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Predictive modeling of protein adsorption along the bed height by taking
into account the axial nonuniform liquid dispersion and particle

classification in expanded beds
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Abstract

Expanded bed adsorption (EBA) is a special chromatography technique with perfect classification of adsorbent particles in the column,
thus the performance of protein adsorption in expanded beds is particular, obviously nonuniform and complex along the column. Detailed
description of the complex adsorption kinetics of proteins in expanded bed is essential for better analyzing of adsorptive mechanisms, the
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design of chromatographic processes and the optimization of operation parameters of EBA processes. In this work, a theoretica
the prediction of protein adsorption kinetics in expanded beds was developed by taking into account the classified distribution of
particles along the bed height, the nonuniform behaviors of axial liquid dispersion, the axial variation of local bed voidage as well a
changes of target component mass transfer. The model was solved using the implicit finite difference scheme combining with the
collocation method, and then applied to predict the breakthrough behaviors of bovine serum albumin (BSA) on Streamline DEAE and
on Streamline SP along the bed height in expanded beds under various conditions. In addition, the experiments of front adsorpt
on Streamline DEAE at different axial column positions were carried out to reveal the adsorption kinetics of BSA along the bed h
20 mm I.D. expanded bed, and the influences of liquid velocity and feed concentration on the breakthrough behaviors were also an
breakthrough behaviors predicted by the present model were compared with the experimental data obtained in this work and in th
published. The agreement between the prediction and the experimental breakthrough curves is satisfied.
© 2005 Published by Elsevier B.V.
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1. Introduction

Expanded bed adsorption (EBA) has received much atten-
tion as one of the most effective techniques for purification
of target biomolecules directly from unclarified feedstocks
with cells or cell debris in downstream processes[1–4]. The
adsorbent particles used in EBA processes always have var-
ious sizes and densities, which cause perfectly classified
distribution of adsorbent particles along the bed height, cor-
responding nonuniform behaviors of liquid dispersion, local
bed voidage as well as biomolecule adsorption performance

∗ Corresponding author. Tel.: +86 571 87951982; fax: +86 571 87951015.
1 Present address: College of Chemical Engineering and Materials Sci-
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[5–13]. Due to the influences of fluid hydrodynamics, part
classification and target component transfer, the analys
adsorption kinetics in EBA is complex. Detailed modeling
the adsorption performance in expanded beds is funda
tal and crucial to the better understanding of the adsor
behaviors, the design of EBA processes, the optimizatio
operation parameters and the design of adsorbents an
umn systems.

Several models have been suggested to describe th
tein adsorption behaviors in EBA. Wiblin et al.[14] used
the well-established fixed-bed adsorption model to simu
the adsorption performance of�-amylase in EBA. In thei
model, the mean diameter of adsorbent particles, the
dispersion coefficient of liquid, the local bed voidage as
as the solid–liquid mass transfer coefficient were assu
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to be constant. Bruce and Chase[15] modified this model
to analyze the breakthrough curves of BSA and lysozyme
by considering the variations of bed voidage and axial liq-
uid dispersion coefficient with the experimental data, but
the axial variation of particle size was neglected. Wright
and Glasser[16] developed a protein adsorption model for
liquid–solid fluidized beds taking into account in-bed hydro-
dynamics, solid-phase dispersion and mass transfer charac-
teristics. Tong et al.[17] and Chen et al.[18] also used this
model to describe lysozyme purification and BSA adsorption
performance. Similarly, the axial variation of particle size
was also neglected. Tong et al.[19] suggested a modified
model using an empirical correlation of the axial variation of
particle size, but ignored the axial variation of bed voidage.
Li et al. [20] proposed a model by dividing an expanded
bed into three zones based on the experimental results by
Bruce and Chase[7]. In those three zones, different exper-
imental values of particle diameter, bed voidage and axial
liquid dispersion coefficient were directly used. Their model
was efficient in analysis of the influence of parameters on the
breakthrough curves of lysozyme in the expanded bed. Kacz-
marski and Bellot[21] presented an improved theoretical
model, in which the axial and the local variations of parti-
cle diameter, the axial variation of bed voidage, and the axial
variation of solid–liquid mass transfer coefficient were taken
into account, but the variation of axial liquid dispersion coeffi-
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cient. The experimental breakthrough data of BSA adsorption
on StreamLine DEAE both in this work and in literature and
the experimental data of lysozyme adsorption on Streamline
SP within different EBA columns and at various conditions
reported in the literature will be used to verify the model
prediction.

2. Theory

In EBA process, porous adsorbent particles like Stream-
line series adsorbents are widely used. Thus, we consider
the situation of adsorption kinetics using those porous parti-
cles here. When target biomolecules in the feedstocks come
into an expanded bed, their adsorption and transfer pro-
cesses include the following aspects: (1) the convective and
diffusion mass transfer from liquid phase to adsorbent sur-
faces, (2) the diffusion within particle pores, and (3) the
adsorption at particle surfaces and pore surfaces. These pro-
cesses are inter-combined and their behaviors are changed
with the time along the bed height. Compared to the former
two procedures, the surface adsorption process is instanta-
neous and thus local equilibrium can be assumed in EBA
models.

Unlike the general fluidized beds, particles within an
expanded bed are classified stably along the bed height. For
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ient was neglected. In their recent work[22], the influence o
article size distribution was also considered by employin
mpirical correlation obtained by Tong and Sun[8]. In these
odels mentioned above, priori bed expansion height sh
e given before the calculation of the adsorption beha
ecause its values at different operation conditions cann
etermined directly from the model itself. Therefore, m
f these models were only used to interpret the experim

al data and analyze the parameter sensitivity. Moreove
xial variation of liquid dispersion is not well addresse

hese models, and the detailed theoretical description o
xial variations of particle diameter and bed voidage is
eeded in order to improve the prediction accuracy o
rotein adsorption performance in EBA processes.

Recently, we have investigated experimentally and t
etically the axial distribution characteristics of particle s
nd bed voidage and the axial liquid dispersion beha

or adsorbents with a normal or lognormal size distribu
nd with the uniform density (Streamline SP and Stre

ine DEAE) or the density difference (UpFront Fastline
n expanded beds[9–13]. The results showed that nonu
orm axial distributions of particle size, bed voidage
iquid dispersion always established in expanded beds
hese widely-used adsorbents. We developed several de
odels for describing and predicting the axial variation

hese parameters under different conditions. In this w
e present a predicted model for the description of pro
dsorption kinetics in EBA taking into account the axial v
tions of particle diameter, bed voidage, solid–liquid m

ransfer coefficient as well as axial liquid dispersion co
he case of an equilibrium expansion, each particle tak
wn axial position with a little rising or falling due to the pl
ow [9,10]. Therefore, the particle mixing is weak in the b
nd the axial diffusion of particles can be neglected.

.1. Hydrodynamics and mass transfer in mobile fluid
hase

The present model considers the situation of single t
omponent adsorption within EBA columns. The mass
nce equation of target protein in mobile fluid phase is wr
s[21]

(x)
∂C(x, t)

∂t
− ∂

∂x

(
Dax(x)φ(x)

∂C(x, t)

∂x

)
+ UL

∂C(x, t)

∂x

+ 6kL(x)(C(x, t) − Cps(x, t))(1 − φ(x))

ds(x)
= 0 (1)

ith the initial condition

C(x, t)|t=0 = 0 (2)

nd the boundary conditions

C(x, t)|x=0 = C0 + φ0Dax0

UL

∂C(x, t)

∂x

∣∣∣∣
x=0

(3)

∂C(x, t)

∂x

∣∣∣∣
x=H

= 0 (4)

hereC is the bulk-phase concentration of protein,C0 the
nlet concentration of protein,Cps the local equilibrium con
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centration of protein at the external surface of particle,φ the
local bed voidage,φ0 the inlet bed voidage,Dax the liquid
axial dispersion coefficient,Dax0 the inlet liquid axial dis-
persion coefficient,UL the liquid superficial velocity,kL the
mass transfer coefficient from bulk-phase to external parti-
cle surface,ds the particle diameter,x the distance along the
column height andt is the time, respectively.

Considering the axial nonuniformity of liquid dispersion,
particle diameter, bed voidage and mass transfer along the
bed height, Eq.(1) can be expressed as

φ(x)
∂C(x, t)

∂t
= Dax(x)φ(x)

∂2C(x, t)

∂x2 −
(

UL−Dax(x)
dφ(x)

dx
−φ(x)

dDax(x)

dx

)
∂C(x, t)

∂x
− 6kL(x)(C(x, t) − Cps(x, t))(1 − φ(x))

ds(x)
(5)

Based on Eq.(5), for predicting the protein adsorption
performance, it is necessary to determine the axial variations
of the mean particle diameter, the local bed voidage, the liquid
dispersion coefficient, the external mass transfer coefficient
as well as the intraparticle mass transfer coefficient along the
bed height.

For different kinds of adsorbents, the classification behav-
iors of adsorbent particles along the bed height under various
operation conditions may be different. The mean particle size
and the local voidage variations with the axial bed height can
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[
1 + 8(1 − φ(xi))2

]
φ(xi)3

+
√

Ga(xi) [1 + 8(1− φ(xi)]

3φ(xi)3

= Ga(xi)

Res(xi)
(8)

whereRes(xi) is Reynolds number in theith layer given by

Res(xi) = dsm(xi)ULρL

µL
(9)

and Galileo numberGa(xi) in theith layer is defined by

Ga(xi) = dsm(xi)3g [ρs(xi) − ρL] ρL

µ2
L

(10)

and the mean particle diameterdsm(xi) in theith layer is given
by

dsm(xi) = ds(xi) + ds(xi+1)

2
(11)
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e predicted semi-theoretically by taking into account t
ensity and/or size distribution characteristics, as pres
etailed elsewhere[9,10]. Here, we consider only the wid
sed commercial adsorbent with nearly uniform density
normal Gaussian size distribution, such as Streamline

icles. A brief description of the axial distribution of the
articles along an expanded bed is presented as follow

The bulk particle size distribution (by volume)
xpressed as[9]

(ds) = 1

1 − ∫ dmin
−∞ f1(ds) dds − ∫ +∞

dmax
f1(ds) dds

1√
2πσs

× exp

[
− (ds − dsm)2

2σ2
s

]
(6)

hereσs is the standard deviation of the particle diamet
1(ds) the normal Gaussian probability function anddsm, dmin
nddmax are the averaged, the minimum and the maxim
article diameters, respectively.

For a given particle size distribution and fluid flow co
itions, the expanded heightxi+1 − xi for particle group with

he diameter in the range ofds(xi) tods(xi+1) is given by[9,10]

i+1 − xi = Hsb(1 − φsb)

1 − φ(xi)

∫ ds(xi+1)

ds(xi)
f (ds) dds (7)

here the subscripti denotes theith layer from the bed bo
om, i = 0, 1, 2, . . ., N. Hsb andφsb are the height and th
oidage of the settled bed,φ(xi) is the bed voidage in theith
ayer. The voidageφ(xi) of a certain layer at a given me
article diameterdsm(xi ) and fluid flow conditions can b
he mean particle diameter and the local bed voidage, as
s their derivatives along the bed height at given oper
onditions.

The uniform axial liquid dispersion was frequen
ssumed in the reported EBA models[16–22], and then

he correlations obtained in liquid–solid fluidized beds w
lways used to determine the axial dispersion coeffic
owever, for a stable expanded bed, the axial dispersion
cient actually varies with the increase of bed height du
he axial variations of particle size, local bed voidage
uid hydrodynamics. Based on the experimental mea
ents and the analysis of liquid dispersion mechanisms

ariations of the axial liquid dispersion coefficient along
ed height can be calculated using the correlation obtain

aking into account the contributions of the local bed void
ariations, the interstitial velocity, the liquid and parti
roperties variations as well as the weak particle movem

12,13].

Dax(x)ρL

µL
= a[Res(x)φ(x)]bβr(x)c (12)

hereµL andρL are liquid viscosity and density,a, b and
the empirical parameters depending on the adsorbent
ndβr is the relative energy dissipation rate. In an expan
ed, the total energy dissipated can be divided into two p

he energy for suspending the adsorbent particles an
nergy for overcoming the column wall resisting forceβr
enotes the ratio of the energy dissipation rate for the

riction to the total energy dissipation rate, which is use
escribe the effect of the particle movements on the



J. Yun et al. / J. Chromatogr. A 1095 (2005) 16–26 19

dispersion coefficient. Detailed description ofβr has been
reported previously[12,13]. In the ith layer, the value ofβr
is defined as

βr(xi) = 32UL

[d2
c(ρs(xi) − ρL))(1 − φ(xi))φ(xi)g]/µL + 32UL

(13)

wheredc is the inner diameter of column. For Streamline
DEAE and SP particles, the values of empirical parame-
ters obtained in our previous experiments[13] area = 13.2,
b = 0.65 andc =−0.05. In the case ofβri = 1, no particles stay
in the column and the axial dispersion will only be a function
of Reynolds number. In the case ofβri = 0, no liquid flow
occurs in the column andDaxi = 0.

The external mass transfer coefficients along the bed
height can be calculated as a function of particle Reynolds
number and local bed voidage using the correlation reported
by Fan et al.[23]

kL(x)ds(x)

DAB
= 2 + 1.5{Res(x) [1 − φ(x)]}1/2Sc1/3 (14)

whereSc is Schmidt number (Sc =µL/DABρL) andDAB the
molecular diffusion coefficient in the solution.

2.2. Diffusion and adsorption of proteins within
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Cp(x, r, t)
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t=0 = 0 (19)

∂Cp(x, r, t)

∂r

∣∣∣∣
r=0

= 0 (20)

φpDp
∂Cp(x, r, t)

∂r

∣∣∣∣
r=ds/2

= kL(x)(C(x, t)−Cp(x, r, t)
∣∣
r=ds/2)

(21)

At a given axial bed position, the nonuniform protein
concentration in the radial direction of column is neglected
compared with that in the axial direction. Therefore, the local
equilibrium concentration of protein at the external surface
of particleCps in Eq.(5) can then be expressed by

Cps(x, t) = Cp(x, r, t)
∣∣
r=ds/2 (22)

At some given operation conditions and liquid and particle
properties, combining Eqs.(1)–(22)gives the closed solution
of the adsorption kinetics within an expanded bed.

3. Numerical methods and procedures

With a given liquid superficial velocity, the total expanded
bed height and values of the mean particle size, the local bed
voidage, the solid–liquid mass transfer coefficient and the
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For the porous adsorbents, diffusion of proteins within
article pores can be described using the pore diffusion m

16–22]

p
∂Cp(x, r, t)

∂t
+∂q

∂t
= Dpφp

(
∂2Cp(x, r, t)

∂r2 +2

r

∂Cp(x, r, t)

∂r

)

(15)

hereCp is the protein concentration in the particle,φp the
article porosity,r the radial distance inside the particle, a
p is the pore diffusion coefficient, which is estimated by

ollowing correlation[24]

p = φ2
pDAB (16)

nd q is the adsorbed concentration and for the Langm
sotherm we have

= qmaxCp(x, r, t)

Kd + Cp(x, r, t)
(17)

hereqmax is the adsorption capacity andKd is the dissoci
tion constant.

Substitution of Eq.(17) into Eq.(15)gives

φp + qmaxKd

(Kd + Cp(x, r, t))2

)
∂Cp(x, r, t)

∂t

= Dpφp

(
∂2Cp(x, r, t)

∂r2 + 2

r

∂Cp(x, r, t)

∂r

)
(18)
xial liquid dispersion coefficient along the bed height w
alculated by solving Eqs.(6)–(14)using the method reporte
n our previous work[9,10]. Then, the obtained values we
mployed in the solving Eq.(5).

The implicit scheme of finite difference with the backw
ifference approximation for∂C(x, t)/∂t and the central dif

erence approximation for∂C(x, t)/∂x and∂2C(x, t)/∂x2 were
dopted to solve Eq.(5), as similar as those used in solving
acked-bed adsorption equations byÖzdural et al.[25]. This
rocedure gave the changes of protein concentration i
obile phase with the time along the bed height. Fifty fi
ifference points along the column height were employe

he solving process.
The partial differential within the adsorbent particle

q.(18)was solved using the orthogonal collocation met
26–28]. A total of 16 particle radial collocation points we
sed in the present work. Eq.(18) was discretized at the
ollocation points leading to a set of ordinary differen
quations, which were integrated in the time domain u
unge–Kutta–Gill method. In each time step, solving

18) gave the values of the protein concentration inside
article and at the particle surface along the bed height. T
alues were also employed in the procedure of solving
5).

. Experimental

In order to test the predictive model mentioned ab
ront adsorption experiments combining in-bed samp
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Table 1
Summary of the experimental parameters

C0 (kg/m3) Hsb (m) H (m) H/Hsb UL (m/s)

3.0 0.197 0.405 2.06 6.90× 10−4

3.0 0.197 0.508 2.58 1.09× 10−3

3.0 0.187 0.610 3.26 1.69× 10−3

2.0 0.187 0.470 2.51 1.09× 10−3

1.0 0.187 0.470 2.51 1.09× 10−3

method was employed to get the protein breakthrough curves
along the bed height under various operation conditions.

The EBA column used in this work is 80 cm long with
inner diameter of 20 mm. The column has a home-made fluid
distribution unit at its bottom, a net adapter at its top and 13
sampling ports with about 5 cm intervals along the bed height,
as described elsewhere[9–13]. These sampling holes were
sealed by moveable rubber bands, which enabled the inserting
of the sampling metal needle with its tip covered with mesh.
The local breakthrough curves along the bed height were
measured by withdrawing the liquid using a peristaltic pump
at flow rate of 0.5 ml/min through the needle connected to an
on-line flow-through UV spectrometer (Knauer WellChrom
spectrophotometer K-2600, Berlin, Germany). The signals
of the UV absorbance were fed to an A/D transformer and
recorded by a personal computer. Calibration was performed
previously to get the relationship between UV signal and pro-
tein concentration at the present conditions. Then, the local
protein concentrations were calculated from the recorded UV
signals based on the calibration relationship. In each run, the
measurement was carried out at one port and then the elu-
tion, the cleaning-in-place and the bed re-equilibrium were
performed before the next run.

The adsorption of BSA from 50 mM NaH2PO4/Na2HPO4
buffer (pH 7.2, PBS) on Streamline DEAE (Amersham
Biosciences, Uppsala, Sweden) was examined. The adsor-
b bout
(
m ter.
T ndi-
t

5

lied
t line
D osi-
t ions.
T en-
t hed
[

5

ions
u ed to

Fig. 1. BSA breakthrough curves at different column heights (Stream-
line DEAE, C0 = 3 kg/m3, UL = 10.9× 10−4 m/s). (�) h = 6.0 cm, (�)
h = 15.5 cm, (©) h = 25.5 cm, (�) h = 45.5 cm, and (—) model predicted
data.

reveal the adsorption kinetics along the bed height.Fig. 1
shows the experimental results of the BSA breakthrough
curves at axial height of 6, 15.5, 25.5 and 45.5 cm. The con-
centration of BSA in the buffer was 3.0 kg/m3 and the super-
ficial liquid velocity was 1.09× 10−3 m/s. As can be seen,
the breakthrough curve at the bed height of 6 cm increased
sharply with the time. This behavior is affected both by the
axial liquid dispersion and the convective mass transfer from
liquid to adsorbent particles. In the region from the bed
inlet to the bed height of 6 cm, the axial liquid dispersion
was relatively intensive, which could induce a broadening
of the breakthrough. On the other hand, the local interstitial
velocities outside adsorbent particles were high and the con-
vective transfer of protein molecules from liquid to particles
was intensive, which correspondingly induced the sharpen-
ing of breakthrough curve. Therefore, the observed behavior
of the breakthrough curve in this region is a combined result
related to both of these two aspects. With the increase of bed
height, the curve turned from the bulge-increased to concave-
increased shape and the increase degree of breakthrough with
time decreased. At a certain breakthrough level, 50% for
example, the slope of the breakthrough curves decreased with
the increase of bed height. At the bed height of 45.5 cm, the
breakthrough concentration increased gradually with the time
and it took long time to reach the adsorption balance, which
also showed that the influence of the axial liquid dispersion
o may
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S A per
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a local
ent sizes were found to be in the range of a
100–450)× 10−6 m and the mean size is 217× 10−6 m. The
ean density is 1199 kg/m3 measured using a pycnome
he temperature in all runs was 298 K. The operation co

ions are summarized inTable 1.

. Results and discussion

The model developed in the present work was app
o predict the breakthrough behaviors of BSA on Stream
EAE and lysozyme on Streamline SP at different axial p

ions in expanded beds under various operation condit
he predicted results were compared with the experim

al data obtained in this work and in the literature publis
7,9,29].

.1. BSA adsorption along the bed height

The BSA breakthrough curves at different axial posit
nder the above mentioned conditions were measur
n the adsorption performance existed. This behavior
lso be induced by the binding adsorption of BSA molec
nto the adsorbed BSA molecules even the binding sites
een filled, as pointed by Bruce and Chase[7].

In Fig. 1, the area between two curves reflects the am
f adsorbed BSA in the corresponding bed zone marke

hese two curves. The amount of adsorbed BSA per
ed volume along the bed height atC/C0 = 85% was cal
ulated based on the breakthrough curves. The obt
alues were 20.4, 11.0 and 9.8 kg/m3 in the bed zone
f 6–15.5 cm, 15.5–25.5 cm and 25.5–45.5 cm, respect
imilar decrease trends of the amount of adsorbed BS
nit bed volume with the increase of bed height were obse
t different breakthrough levels. This is because that the
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Fig. 2. Effect of superficial liquid velocity on BSA breakthrough (Stream-
line DEAE, C0 = 3 kg/m3, h = 25.5 cm). (�) UL = 6.9× 10−4 m/s, (�)
UL = 10.9× 10−4 m/s, (©) UL = 16.9× 10−4 m/s, and (—) model predicted
data.

bed voidage increased with the bed height and the number
of adsorbents per unit bed volume then decreased with the
increase of the bed height, which caused the decrease of total
amount of BSA per unit bed volume along the bed height.

The model mentioned above was employed to predict the
breakthrough behaviors at the corresponding column posi-
tions and operation conditions. In the model, viscosity and
density of the liquid buffer containing BSA were calculated
using the equations by Monkos[30]. The diffusion coeffi-
cient of BSA in liquid buffer was estimated by the correlation
reported by Young et al.[31]. The settled bed voidage for
Streamline particles was 0.4[7]. The particle porosity of
Streamline DEAE was 0.85, which was obtained by mea-
suring the volume of water saturated within the particles, i.e.
measuring the weights of the given-volume wet and dry par-
ticles. For the present experiments, the adsorption capacity
and the dissociation constant for BSA on Streamline DEAE
were obtained from the experimental data by Bruce and Chase
[7]. Parameter values used in the model are summarized in
Table 2.

The predicted results were compared with the experimen-
tal data and also shown inFig. 1. It is seen that the model
gave a quite good prediction of breakthrough performance
in the bed zones with heights of 6–15.5 cm. The model also
gave a satisfied prediction in the case that the breakthrough
level was lower than 60–80% at the positions of 25.5 and
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5.5 cm. When the breakthrough level was higher than
n these zones, the model prediction overestimated the b
hrough level with the time. The main reason is that the e
f BSA molecules bound on the previous adsorbent B
olecules on the adsorption equilibrium was not con
red in the present model. The other reason might be

he radial nonuniform distributions of particle size and
oidage were not included in the present model.

.2. Influence of liquid velocity on BSA breakthrough

Fig. 2shows the experimental and predicted breakthro
urves of BSA at the bed height of 25.5 cm under diffe
uperficial liquid velocities. The BSA concentration in
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Fig. 3. Effect of feed concentration on BSA breakthrough (Stream-
line DEAE, UL = 1.09× 10−3 m/s, h = 25.5 cm). (�) C0 = 1 kg/m3, (�)
C0 = 2 kg/m3, (©) C0 = 3 kg/m3, and (—) model predicted data.

feed buffer was 3.0 kg/m3 and the superficial liquid velocities
were 6.9× 10−4 m/s, 1.09× 10−3 m/s and 1.69× 10−3 m/s,
respectively. As can be seen, the model predictions agreed
well with most of those experimental data.

FromFig. 2, the breakthrough time for the front reaches
the axial position of 25.5 cm at the superficial liquid velocity
of 6.9× 10−4 m/s was about 20 min, which is much longer
than that at 1.09× 10−3 m/s (6 min) or 1.69× 10−3 m/s
(2 min). The amount of adsorbed BSA per unit bed volume at
C/C0 = 85% was also calculated based on the breakthrough
curves. The obtained values were 20.7, 15.9 and 10.5 kg/m3

in the bed zones of 0–25.5 cm at the superficial liquid veloci-
ties of 6.9× 10−4 m/s, 1.09× 10−3 m/s and 1.69× 10−3 m/s,
respectively. This indicates that more BSA molecules were
adsorbed before breakthrough at the superficial liquid veloc-
ity of 6.9× 10−4 m/s. The reason is not only the lower pass-by
velocity, but the influence of particle concentration is also
important. Actually, since the expanded bed height increased
with the increase of superficial liquid velocity, the total adsor-
bent volume within the same bed zone (i.e. the region between
the bed bottom and the height of 25.5 cm) at the superfi-
cial liquid velocity of 6.9× 10−4 m/s was greater than that
at 1.09× 10−3 m/s or 1.69× 10−3 m/s, which induced cor-
respondingly more amount of BSA adsorbed. Therefore, the
breakthrough time increased with the decrease of superficial
l
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It is also seen fromFig. 2 that the increasing trend of t

reakthrough curve with time was becoming more rem
ble with the increase of the superficial liquid velocity. Th
robably because that the adsorption effect of BSA mole
ound on other previously adsorbed BSA molecules a
inding sites increased with decrease of superficial li
elocity.

.3. Influence of feed concentration on BSA
reakthrough

Fig. 3shows the experimental and predicted breakthro
urves of BSA at the bed height of 25.5 cm under diffe
eed BSA concentrations (1.0, 2.0 and 3.0 kg/m3). The super
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Fig. 4. Comparison of the present model predicted data and the experi-
mental breakthrough curves at different bed heights (Streamline DEAE,
UL = 6.03× 10−4 m/s, C0 = 3.6 kg/m3, experimental data from Bruce and
Chase[7]). (�) h = 10 cm, (�) h = 25 cm, (©) h = 40 cm, and (—) model
predicted data.

ficial liquid velocity was maintained at 1.09× 10−3 m/s. As
can be seen, the model prediction agreed well with experi-
mental data. From the Figure, the lower the feed BSA con-
centration, the longer time needed to reach the maximum
breakthrough level, thus, more feed volume were needed.
Moreover, from the areas surrounded by the breakthrough
and theC/C0 axis, the total amounts of BSA absorbed within
the bed zone at different feed concentrations were different.
The total amount of BSA absorbed at the feed BSA concen-
tration of 3.0 kg/m3 was greater than that at 2.0 or 1.0 kg/m3.
The corresponding obtained values of the amount of adsorbed
BSA per unit bed volume atC/C0 = 85% were 15.9, 12.3 and
13.2 kg/m3. In fact, the concentration gradient of BSA from
the bulk liquid within the bed void to the adsorbent surface at
the feed BSA concentration of 3.0 kg/m3 was higher than that
at 2.0 or 1.0 kg/m3, which induced larger mass flux of BSA
molecules diffused from liquid to the binding sites within the
adsorbent, corresponding more BSA molecules absorbed.

5.4. Comparison of the predicted BSA breakthrough
with the experimental data in literature

Bruce and Chase[7] measured the adsorption performance
of BSA on Streamline DEAE at the height positions of 10,
25 and 40 cm in a 50 mm inner diameter EBA column. Tong
e ured
a nder
d odel
t ases.
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t al. [19] reported the BSA breakthrough curves meas
t the bed outlet in a 25 mm inner diameter column u
ifferent conditions. Here, we employed the present m

o predict the breakthrough behaviors under these two c
he parameters used in the model are summarized inTable 3.
he predicted results were compared with the experim
ata from Bruce and Chase[7] and Tong et al.[19], as shown

n Figs. 4 and 5The parameters used in the model are s
arized inTable 4. Fig. 6, respectively.
In the calculation, the pore diffusion coefficients in d

erent conditions were estimated by Eq.(16). The obtaine
alues were different from those used in refs.[7,19]. As
an be seen, the predicted data by the model agreed
ell with the experimental data of BSA breakthrough fr
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Fig. 5. Comparison of the present model predicted data and the experimental breakthrough curves at different bed heights (Streamline DEAE, experimental
data from Tong et al.[18]). (�) C0 = 1.0 kg/m3, UL = 5.27× 10−4 m/s (©) C0 = 1.0 kg/m3, UL = 1.11× 10−3 m/s, (�) C0 = 2.0 kg/m3, UL = 5.27× 10−4 m/s,
and (—) model predicted data.

Bruce and Chase[7] at the heights of 10 and 25 cm. At the
height of 40 cm, the model gave a slight overestimation of
the breakthrough forC/C0 > 60%. The reason is as same as
that mentioned above for the present work. For the data by
Tong et al.[19], the agreement between the model predic-
tion and the experimental measurement was good. Further-
more, it is also seen from these figures that the breakthrough
curves become steeper with increasing bed height. This is
mainly caused by the combined effects of the axial liquid
dispersion and the convective mass transfer, as similar as
mentioned in Section5.1. Actually, the axial liquid disper-
sion and the convective mass transfer were not uniform but
changed along the bed height. In the bottom region near
the bed inlet, the intensive axial liquid dispersion broadened
the breakthrough, while the high convective mass transfer of
proteins from liquid to particles sharpened the breakthrough
curves. With the increase of bed height, the axial dispersion
became lower, which induced the decrease of broadening
of breakthrough. On the other hand, the interstitial veloc-
ity decreased gradually with increasing of bed height, which
induced the decrease of the convective mass transfer and cor-
respondingly decreased the sharpening of breakthrough. The
observed breakthrough behaviors are caused by the combin-
ing of these aspects. Those are just the reasons that the axial
nonuniform liquid dispersion was taken into account in the

present work for describing special breakthrough properties
in expanded bed, and the experimental results verified the
modeling work well.

5.5. Model prediction of lysozyme breakthrough and
compared with literature data

The model prediction of lysozyme adsorption on Stream-
line SP under the conditions reported by Bruce and Chase
[7] and Bruce et al.[29] were conducted. In the model,
the viscosity and the density of liquid buffer with lysozyme
were calculated based on ref.[32]. The diffusion coefficient
of lysozyme in liquid buffer was calculated by the correla-
tion presented by Young et al.[31]. The adsorbent porosity
of Streamline SP obtained in our measurements was 0.84.
The adsorption capacity and the dissociation constant for
lysozyme on Streamline SP were obtained from literature
[33]. shows the experimental and calculated lysozyme break-
through curves at different bed heights. It is seen that the
predicted values agreed well with those measured results.

Although the distributors used in the present work and in
the literature were different, the model still gave satisfied pre-
diction of BSA or lysozyme breakthrough. This demonstrated
that the model developed here is suitable to describe the
general proteins adsorption behaviors in EBA columns. How-

F through m Br
C , and
ig. 6. Comparison of the predicted data and the experimental break
hase[7] and Bruce et al.[28]). (�) h = 10 cm (©) h = 25 cm (�) h = 40 cm
curves at different bed heights (Streamline SP, experimental data frouce and
(—) model predicted data.
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ever, the present work only considers the proteins adsorption
performance from liquors without cells or cell debris and,
thus the effects of these solids on the axial liquid dispersion,
particle classification as well as bed voidage variation were
ignored. For the feedstocks with cells and cell debris, the
adsorption performance should be further addressed and the
model is needed to be improved by taking into account the
influence of cells or cell debris.

6. Conclusions

The adsorption behaviors of proteins along bed height in
expanded beds are particular and quite complex, which is
influenced by several operation factors such as liquid velocity
and feed concentration. The axial nonuniform liquid disper-
sion and particle classification should be taken into account
for accurate description of protein adsorption in expanded
bed. By considering the axial variations of adsorbent particle
diameter, liquid dispersion, bed voidage and target com-
ponent mass transfer, the model developed in the present
work is effective in predicting the protein adsorption along
the bed height under different situations. Compared with
the experimental data obtained in this work and reported in
the literature, the present model give a good prediction of
breakthrough behaviors for BSA on Streamline DEAE and
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f(ds) particle size distribution function (by volume)
f1(ds) normal Gaussian probability function
g gravitational acceleration (m/s2)
Ga(xi) Galileo number in theith layer defined by Eq.(10)
H axial bed height (m)
Hsb settled bed height (m)
kL mass transfer coefficient (m/s)
Kd dissociation constant (kg/m3)
q adsorbed concentration (kg/m3)
qmax adsorption capacity (kg/m3)
r radial distance inside the particle (m)
Res(xi) Reynolds number in theith layer defined by Eq.(9)
Sc Schmidt number,Sc =µL/DABρL
t time (s)
UL superficial liquid velocity (m/s)
x distance along the column height (m)

Greek letters
βr ratio of energy dissipation rate for wall friction to

total energy dissipation rate
φ local voidage
φ0 inlet bed voidage
φp particle porosity
φsb settled bed voidage
µL liquid viscosity (Pa s)
ρ 3

ρ

ρ
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[ ng.
ysozyme on Streamline SP along the bed height in di
nt expanded bed columns under various conditions, w
erifies that the model describes a general situation of
ein adsorption performance in expanded beds. Howeve
ffects of cells or cell debris are not considered in the pre
odel. It is still a challenge to apply this model in describ

he adsorption of target biomolecules from real feedst
ith cells and cell debris. A more comprehensive mod
xpected in future.

. Nomenclature

, b, c empirical parameters in Eq.(12)
bulk-phase concentration of protein (kg/m3)

0 inlet concentration of protein (kg/m3)
p protein concentration in the particle (kg/m3)
ps equilibrium concentration of protein at external s

face of particle (kg/m3)
c inner diameter of column (m)
max maximum particle diameter (m)
min minimum particle diameter (m)
s particle diameter (m)
s(xi) mean particle diameter in theith layer (m)
sm mean particle diameter (m)
AB molecular diffusion coefficient (m2/s)
ax axial dispersion coefficient (m2/s)
az0 inlet liquid axial dispersion coefficient (m2/s)
p pore diffusion coefficient (m2/s)
L liquid density (kg/m)
s(xi) particle density in theith layer (kg/m3)
s mean particle density (kg/m3)
s standard deviation of particle size (m)
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